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ABSTRACT 

Results  of  recent  synthetic,  structural,  and  magnetic  work  on 
exchange  coupled  copper(II)  ions  bridged  by  nonmagnetic  ligands  are  dis¬ 
cussed,  including  the  quasi-linear  chain  compound  bls(dimethyldlthio- 
carbamato)copper(ll)  in  which  the  copper(II)  ions  are  antlferromagneti- 
cally  exchange  coupled.  An  unusual  correlation  exist  in  the  structural 
and  magnetic  data  for  [Cu(dmtc) 2]*,  and  other  known  sulfur  bridged  copper 
compounds.  Data  are  presented  for  the  alternatlngly  spaced  linear  chain 
compounds  di-y-chlorobis- (4-methylpyridine)copper(II) ,  and  a  series  of 
dionebis-(thiosemicar baza to) copper (II)  compounds.  Exchange  coupling  con¬ 
stants  and  alternation  parameters  were  obtained  from  expressions  which 
were  empirically  generated  from  calculations  on  rings  of  ten  S  -  1/2  ions 
for  kT/|j|  >0.5  and  J  <  0.  Finally,  new  reaults  for  recently  discovered 
spin  ladder  systems  are  presented. 

PACS  numbers:  75. 40. Fa,  75.30KZ 


INTRODUCTION 

The  cluster  approach  as  developed  by  Bonner  and 
Fisher  (1)  in  their  classical  work  on  the  Heisenberg 
chain  with  S-l/2,  has  received  much  less  attention  in 
applications  to  exchange  coupled  systems  with  lower 
symmetry  geometries.  This  is  a  surprising  situation 
since  the  results  of  Bonner  and  Fisher  have  been  used 
extensively  by  chemists  and  physicists  for  the  analysis 
of  magnetic  properties  of  exchange  coupled  low-dimen¬ 
sional  S-l/2  chains.  A  limited  number  of  studies  have 
been  carried  out.  Weng  followed  Bonner  and  Fisher's 
cluster  approach  in  his  calculation  of  the  magnetic 
properties  of  Heisenberg  chains  with  1,  (2)  but 
this  work  has  not  been  widely  applied  since  exchange 
coupled  chains  with  S >1/2  frequently  show  pronounced 
anisotropy  in  the  exchange,  and  one  of  the  aniso¬ 
tropic  models,  the  Ising  chain  or  the  XY-chain  is  re¬ 
quired  for  the  analysis  of  the  data. 

Bonner  and  coworkers  (3,4)  have  continued  investi¬ 
gating  the  application  of  the  cluster  approach  to  more 
complicated  spin  systems.  These  include  the  alternat- 
lngly  spaced  Heisenberg  chain  and  the  interesting  spin 
ladder  systems.  It  is  Interesting  to  know  that  the 
most  thoroughly  studied  transition  metal  example  of  an 
alternatlngly  spaced  Heisenberg  antlferromagnet  is 
CuCNOj)^ '2 .SH^O,  a  compound  which  has  a  ladder-like 

structure  at  room  temperature.  (5,6)  The  initial 
attempts  to  analyze  the  magnetic  data  for  Cu(NOj)2* 

2.5H2O  were  in  terms  of  the  spin  ladder.  This  is  a  very 
good  example  of  a  system  which  exhibits  a  structure  at 
high  temperature  which  is  Inconsistent  with  the  observed 
magnetic  properties  at  low  temperatures.  There  are  now 
several  bona  fide  examples  of  alternatlngly  spaced  Hei¬ 
senberg  exchange  coupled  S-l/2  linear  chains.  These 
include  the  pyrazlne-bridged  binuclear  copper  acetate 
chain,  (7)  (CujfOAc^pyr],,,,  the  low  temperature  from  of 
tetrathlofulvalenlum  bls-cla(l. 2-perf luo roast hylethylene- 
l , 2-d lthlolato)copper ( II)  (8)  which  results  from  a  spin 
Peierls  transition  at  12  K,  catena-di-u-bromo-(N- 
methyl Imidazole) copper ( II)  (9),  and  a  series  of 
dlketobls(thlosemlcarbazato)copper(II)  complexes  related 
to  the  care  Inostat  Ic  and  carclnolytlc  agent  3-ethoxy-2- 
oxobutral dehyde-b ls( t  h io sem lea rba za to) copper ( II), 

Cu-KTS.  (10)  The  magnetic  properties  of  several  of 
these  alternatlngly  spaced  Heisenberg  exchange-coupled 
S  •  1/2  linear  chains  have  been  characterized  in  our 
laboratory.  (11)  Basically,  because  of  the  general 
Interest  In  alternating  Heisenberg  ant lferroma gnats, 
and  because  of  the  absence  of  convenient  procedures  for 
the  analysis  of  the  magnetic  properties,  we  have 
repeated  the  calculations  reported  by  Duffy  and  Barr 
(12)  for  such  .1  model  system  to  obtain  numerical  data 


for  the  generation  of  an  expression  for  magnetic  sus¬ 
ceptibility  in  terms  of  the  exchange  coupling  constant 
and  the  alternation  parameter.  The  generation  of  the 
magnetic  susceptibility  expression  and  the  application 
of  the  new  expression  for  the  analysis  of  new  magnetic 
data  for  several  of  these  compounds  will  be  discussed. 

Since  bona  fide  examples  S  -  1/2  ladder  systems 
have  not  been  available  for  study,  there  has  been 
little  stimulation  for  theoretical  work.  However,  in 
recent  years,  three  examples  of  copper  compounds  with 
ladder  structures  have  been  reported.  These  Include 
catena-dlbromo(2-amlnomecv  1) . cyrldlne-copper (II) , 

( 13)  c a tena-d lbromo ( 2-me thy 1-1 , 2-dlamlnopropane) 
copper(II),  (13)  and  catena-trlchlorohydrazlnium- 
copper(II)  (14).  Weller  (15)  has  carried  out  calcula¬ 
tions  of  the  magnetic  properties  of  ladder  systems 
with  a  range  of  exchange  coupling  constants,  and  has 
analyzed  the  magnetic  susceptibility  for  the  known 
S-l/2  ladder  systems.  Preliminary  results  of  these 
studies  on  catena-trlchlorohydrazlnlumcopper(II) 
are  presented  here. 

THE  LINEAR  CHAIN  MODEL 

For  an  infinite  linear  chain  the  Hamiltonian 
may  be  written  as 

H"  -2J /1USi‘lS!+l+Y(SiX+Si+l+SiySi+l))‘gBH  "H'S1  (1) 

i-1  1-1 

If  a  -  1  and  y  -  1,  the  Isotropic  Heisenberg  model  is 
produced.  If  a  -  1  and  y  •  0,  the  anisotropic  Ising 
modal  is  obtained,  and  if  o  -  0  and  y  -  1,  the  aniso¬ 
tropic  X-Y  model  results.  Copper(Il)  systems  are 
usually  best  described  by  the  Heisenberg  model,  but  in 
some  cases  y-values  slightly  less  than  one  have  been 
deduced  from  experimental  data. 

In  1964,  Bonner  and  Fisher  (1)  carried  out  cal¬ 
culations  on  systems  of  chains  containing  from  4  to 
12  spins.  The  results  for  the  11  and  12  member ed 
chains  were  used  to  extrapolate  to  the  Infinite- 
length  chain  with  very  good  agreement  above  kT/|j| 
of  0.5.  The  maximum  in  susceptibility  is  uniquely 
defined  by  the  following  relations: 

-  1.282  and  Naax  jjj  -  0.07346. 


Hall  (16)  noted  that  the  shape  of  the  reduced  magnetic 
susceptibility  versus  temperature  curve  obtained  by 
Bonner  is  very  similar  to  a  serpentine  curve,  and  fit 
the  quadratic/cubic  function 
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f(x)  -  (Ax2  +  Bx  +  c)/(x3  +  Dx2  +  Ex  +  F) 


to  the  theoretically  calculated  results  tabulated  by 
Bonner.  (17)  A  fit,  with  the  greatest  deviation  be¬ 
tween  the  calculated  values  for  reduced  magnetic  sus¬ 
ceptibility  and  those  obtained  by  Bonner  being  less  than 
0.52,  was  obtained  with  the  parameters  A  =  0.25,  B  * 
0.14995,  C  =  0.30094,  D  -  1.9862,  E  =  0.68854,  and 
F  *  6.0626.  The  magnetic  susceptibility  of  chains  of 
isotropically  exchange  coupled  S=l/2  ions  is 
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The  maximum  in  reduced  susceptibility  calculated  from 
tnis  expression  occurs  at 


kjaax  *  1.297  and 
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0.07337. 
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The  agreement  with  Che  values  of  Bonner  and  Fisher  (1) 
which  are  given  above  are  excellent,  and  this  expression 
allows  data  analysis  using  computer  programs  rather  than 
graphical  methods. 

MAGNETIC  SUSCEPTIBILITY  OF  THE  LINEAR  CHAIN  BIS(DIMETHYL- 
DITHIOCARBAMATO) C0PPER( I 1 ) 

Magnetic  susceptibility  data  (18)  for  a  powdered 
sample  of  the  linear  chain  compound  bla(dlmethyldithlo- 
carbaoato) copper (II)  is  plotted  as  a  function  of  tempera¬ 
ture  in  Figure  1.  It  may  be  seen  chat  the  susceptibility 
exhibits  a  maximum  value  at  about  2.5  K.  This  behavior 
of  the  magnetic  susceptibility  is  indicative  of  a  magneti¬ 
cally  condensed  substance,  and  since  the  compound  has  a 
linear  chain  structure,  (19)  the  data  were  initially 
analyzed  using  the  Heisenberg  linear  chain  theory  of 
Bonner  and  Fisher,  (1)  and  the  analytical  expression 
developed  by  Hall.  (16)  Since  the  chains  in  (Cu(dmtc) ^ 

are  in  rather  close  contact,  substantial  interchain 
interactions  were  anticipated.  The  problon  was  treated 
as  one  involving  Heisenberg  interactions  along  a  chain 
with  a  correction  for  interchain  interactions  (19a)  being 
accounted  for  in  the  expression 

*  X„/(l  -  2zj'xH/NgZpg2)  (3) 

where  is  the  magnetic  susceptibility  of  an  isolated 

Heisenberg  chain  of  S  ■  1/2  ions,  z  is  the  number  of 
near  neighbors  in  adjacent  chains,  and  J'  is  the  inter¬ 
chain  exchange  parameter.  For  the  case  of  ((^(dmtc)^^, 

z  was  taken  to  be  6.  The  magnetic  susceptibility  ex¬ 
pression  thus  modified  was  fit  to  Che  experimental  mag¬ 
netic  susceptibility  data,  and  the  best  fit  yielded  the 

<g>  value  of  2.03,  J  -  -1.22  cm  \  and  J'  •  +0.47  cm 
Since  the  ratio  of  J'/J  is  relatively  large,  the  appli¬ 
cability  of  the  linear  chain  model  to  this  compound  is 
open  to  some  question.  The  expression  for  two  exchange- 
coupled  S  *  1/2  ions  gives  a  reasonable  fit  to  the  data 

also,  with  the  EPR  <g>  value  of  2.03  and  J  “-1.3  cm 
However,  this  latter  model  is  probably  not  applicable 
to  the  present  case  since  the  high  temperature  struc¬ 
ture  is  known  to  be  a  uniformly  spaced  linear  chain, 
and  since  the  magnetic  susceptibility  data  appear  to 
be  tending  to  non-zero  values  as  the  temperature 
approaches  zero.  Also,  there  is  no  anomaly  in  the 
dielectric  constant  versus  temperature  plot  over  the 
temperature  range  10-300  K,  and  structural  phase  tran¬ 
sitions  are  not  indicated.  Extensive  measurements  on 
single  crystals  In  the  low  temperature  range  will  be 
required  before  an  exact  description  of  the  magnetic 
Interaction  may  be  had.  However,  for  the  purposes  of 
this  work.  It  is  clear  that  the  sulfur-bridged  copper 
ions  are  exchanged  coupled.  Furthermore,  the  data  are 


Figure  l.  The  magnetic  susceptibility  versus  tem¬ 
perature  far  the  linear  chain  compound 
[Cu(dmtc) g)*.  The  solid  line  is  the 
best  fit  of  the  Heisenberg  linear 
chain  S  =  1/2  model  to  the  data  with 
the  EPR  g  value  of  2.03  and  J  (intra¬ 
chain)  »  -1.22  cm~l.  A  correction 
for  an  interchain  interaction  gave 
J  (interchain)  «  0.47  cm  . 

adequate  to  permit  a  correlation  between  the  magnetic 
properties  of  this  sulfur  bridged  chain  and  the  geometry 
of  the  bridged  Cu^Sj  units  in  a  number  of  copper  com¬ 
plexes.  The  available  structural  and  magnetic  data 
for  the  sulfur -bridged  copper (II)  compounds  are  compiled 
in  Table  I.  There  are  several  conclusions  which  may  be 
drawn  from  the  data.  The  first  and  most  Important  point 
is  that  even  long  out-of-plane  bridging  bond  dlatances 
provide  pathways  for  appreciable  singlet-triplet  splitt¬ 
ings  resulting  from  superexchange  coupling.  Next,  the 
short  in-plane  copper-sulfur  bond  distances  which  are 
involved  in  the  bridge  are  relatively  constant  at  2.3 

1  0.04  A,  but  the  out-of-plane  bond  distances  vary  from 
2.851  A  in  [Cu(detc)2]2  to  3.3  A  in  [Cu(H+TCH)Cl2)2Cl2. 

In  addition,  there  is  a  fairly  wide  range  of  Cu-Sg-Cu 

angles  at  the  bridging  sulfur  atom. 

Studies  on  a  series  of  dl-p-hydroxo-brldged  copper 
(II)  compounds  have  established  that  the  singlet -triplet 
splitting  is  a  linear  function  of  the  angle  at  the 
bridging  oxygen  atom.  (28)  Also,  Roundhlll,  et  al. 

(29)  have  noted  that  the  singlet  states  are  stablized 
as  the  bridge  angle  Increases  in  a  ntaiber  of  chloro- 
bridged  copper (II)  systems.  For  the  purposes  of  the 
present  study  we  note  that  in  this  particular  group  of 
sulfur -bridged  compounds  there  is  an  additional  variable, 
which  also  arises  in  several  parallel  planar  chloro- 
brldged  copper  compounds,  and  that  is  the  out-of-plane 
bridging  bond  distances.  Since  the  extent  of  exchange 
coupling  is  known  to  decrease  as  the  Intranuclear  sepa¬ 
ration  of  exchange  coupling  sites  increases,  we  were 
led  to  investigate  the  relationship  between  the  exchange 
coupling  constants  for  these  sulfur  bridged  compounds 
and  the  function  d/r  ,  where  d  is  the  Cu-S.-Cu  angle  and 

o  D 

rQ  is  the  out -of -plane  copper-sulfur  bond  distance.  This 

relationship  is  shown  in  Figure  2,  where  it  may  be  seen 
that  a  msooth  curve  may  be  drawn  through  the  experimental 

exchange  coupling  constants  J  and  tha  function  d/r  . 

o 

For  the  purposes  of  this  work  the  exchange  coupling  con¬ 
stant  for  (Cu(detc)2)2  determined  earlier  in  our  labora¬ 
tory  was  used  although  there  may  be  some  question  con¬ 
cerning  the  magnitude  of  this  number  in  view  of  the  EPR 
investigations  ef  Al'tshuler,  et  al.  (22). 

Also,  the  geometry  ef  the  more  tightly  bound  unit 
of  [Cu(ETS) was  used  to  obtain  the  value  of  d/rD  for 


*  'W 


Table  I.  Structural  and  Magnetic  Data  In  Sulfur* 
Bridged  Copper(II)  Compounds 


Compound 

J,cm~* 

Cu-S.* 

Cu-S-Cu 

♦/r 

o  D 

(A) 

(deg) 

[Cu(dmdtc)9]„, 

-1.22b 

3.159(2) 

94.2° 

29. 8C 

[Cu(detc)2T2 

12d 

2.851 

86.9° 

30. 5C 

6.5*0. 5^ 

[Cu(H+  -TCH)C1,)9C1, 

-12.4  1* 

3.310(6) 

88.4° 

26. 7h 

(Cu(KTS) ]„ 

-81 

3.101 

89.8° 

29. 0J 

3.312 

86.5° 

[Cu(d~n-btc)2]2 

-14.  lk 

2.899 

92.1° 

31. 8k 

*This  Is  the  long,  out-of-plane  bridging  bond  distance; 
'’Ref.  18;  Ref.  19;  Ref.  20;  ®Ref .  21;  fRef.  22;  ®Ref. 
21;  flRef.  24;  *Ref.  21;  iRef.  2ft;  kRef.  27. 


Figure  A  plot  of  ,1  versus  4/ra,  where  t  is  the 
Cu-SSfo-l.'u  bridging  angle  in  a  series  of 
sulfur  bridged  copper  compounds  and  rQ 
is  the  long  out-of -plane  Innd  distance. 

this  alternating  chain  compound,  since  this  unit  may 
be  expected  to  dominate  exchange  coupling  in  the 
range  of  Blumberg  and  Pelsach's  measurements.  (25) 

It  Is  Interesting  to  point  out  that  at  the  time  that 
the  work  on  ( Cu (dmtc ) j  1  was  carried  out,  (18)  the 

data  for  (Cufa-d-n-btcl^lj  were  not  available.  At 

that  time  It  was  expected  that  the  line  in  Figure  2 
would  reach  a  maximum  at  some  larger  value  of  4/r 

o 

and  then  begin  to  decrease  with  an  increase  in  $/r  . 

o 

This  expectation  was  anticipated  in  view  of  data  for 
c hloro-br idged  copper (I  I)  complexes.  (30) 

THE  ALTERNATING  CHAIN  MODEL 

The  Hamiltonian  for  the  Heisenberg  alternating 
linear  chains  may  be  written  as 

n/2 

8-  -2Ji^(S21-S21_1-K,S2t-S21+1J  (4) 

where  J  Is  the  exchange  Integral  between  a  spin  and 
Its  right  neighbor  and  aj  is  the  exchange  Integral 
between  a  spin  and  Its  left  neighbor.  The  model 
of  most  Interest  Is  for  antiferromagnetic  exchange 
(J  less  than  0)  and  for  0ca<l.  At  the  extremes, 
when  u  •  0,  the  model  reduces  to  the  dimer  model 
with  pairwise  Interactions,  and  when  n  •  1,  the 
model  reduces  to  the  regular  linear  chain  model. 


This  modal  haa  bean  studied  In  detail  by  Duffy  and 
Barr,  (12)  as  well  as  Bonner  and  Frladberg,  (3,4) 
Dlederlx,  et  al.  (S),  and  Bonner  and  coworkers  (30a). 

For  the  limiting  case  of  o  *  1,  Hall  (16)  has 
fit  Bonner ' s  numerical  data  (17)  to  expression  (2) 
given  above.  For  the  purposes  of  this  work  the  re¬ 
duced  magnetic  susceptibilities  of  short  alternating 
rings  of  up  to  ten  S  •  1/2  spins  for  a  ■  0,  0.1,  0.2, 
0.3,  0.4,  0.6,  0.8,  and  1.0  have  been  calculated  using 
the  cluster  approach  and  the  progrems  which  have  been 
described  earlier.  (15,31)  The  results  of  these  cal¬ 
culations  are  in  excellent  agreement  with  the  previously 
reported  results  of  Duffy  and  Barr,  (12)  and  the  re¬ 
duced  magnetic  susceptibilities  are  displayed  as  a 
function  of  reduced  temperature  In  Figure  3. 


kT/m 


Figure  i.  Plot  of  equation  S  (solid  line)  in  re¬ 
duced  coordinates  using  coefficients 
listed  in  text.  Points  for  10  membered 
rings  (+)  are  calculated  with  H  m  1000  Os, 
g  *  2.1,  and  a  *0.0,  0. 1,  0. 2,  0. 3,  0. 4, 
0.6,  0.8,  and  1.0. 


There  reduced  magnetic  susceptibility  curves  for 
10  member  alternating  chains  with  the  a  values  indi¬ 
cated  above  were  fitted  to  the  quadratic-cubic  function 
(5),  where  the  reduced  susceptibility  Xj  “  x|j|/Ng2Ug2 
and  the  reduced  temperature  Tf  Is  given  by  kT/|j|. 
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r 


AT2  +  BT  +  C 
_ r _ r _ 

3  2 

T  +DT  +ET+F 
r  r  r 


(5) 


The  fits  were  truncated  below  kT/|j|  of  0.5,  and  the 
constant  A  In  expression  5  was  set  equal  to  0.25  for 
convergence  to  the  Curie  Law  at  high  temperatures  - 
With  the  expressions  for  reduced  susceptibility 
for  each  of  the  eight  alternating  chain  cases  as  a 
starting  point,  a  unified  expression  for  xr  as  a 

function  of  the  alternating  parameter  was  developed. 
The  values  for  the  parameters  A,B,C,D,E,  and  F  for 
0 <a <0 . 4  ere 


A  -  0.25 

B  -  -0.12587  +  0.22752a  j  t  4 

C  •  0.019111  -  0.13307a  ♦  0.509a*  -  1.3167aJ  +  1.0081a 
D  -  0.10772  ♦  1.4192a  .  . 

E  -  -0.0028521  -  0.42346a  +  2.1953o  -  0.82412a 

F  -  0.37754  -  0.067022a  ♦  5.9805a2  -  2.1678o3  ♦  15.838a* 
The  values  for  the  parameters  A-F  for  0.4  <  a  ^  1.0  are 
A  •  0.25 

B  -  -0.13695  +  0.26387a  ,  - 

C  •  0.017025  -  0.12668a  +  0.49113a  -  1. 1977a 

♦  0.87257o* 


D  -  0,070509  +  1 ,3042a  - 

E  -  -0.0035767  -  0.40837a  +  3.4862a2  -  0.73888aJ 

F  -  0.36184  -  0.065528a  +  6.65875a2  -  20.945a3  + 

The  expression  for  the  reduced  magnetic  susceptibility 
was  then  converted  to  magnetic  susceptibility  in 
familiar  coordinates  to  give  expression  6 


_  B  A  +  Bx  +  Cx 

- —  •  - ^ - -  (6) 

1  +  Dx  +  Ex  +  Fx 

where  x  ■  |j|/ltT.  The  expression  with  the  two  sets  of 
parameters  A-F  Is  valid  for  kT/|j|  greater  than  0.5  and 
J  less  or  equal  to  0,  and  as  shown  in  Figure  3,  repro¬ 
duces  the  calculated  magnetic  susceptibilities  of  the 
10  membered  rings,  which  should  be  good  approximations 
for  infinite  systems  for  various  values  of  a  with  an 


factor  l< |xtheo-  Xf 


2  2  1/2 

/x„.  )  much  better  then 

theo 


0.01.  The  error  In  the  alternation  parameter  end  the 
exchange  coupling  constant  which  results  from  the  fit 
is  largely  that  inherent  to  the  assumptions  that  the 
magnetic  properties  of  relatively  small  rings  may  be 
extrapolated  to  the  infinite  limit.  Presently  all  of 
our  studies  with  this  model  has  been  carried  out  in  the 
low  field  region  (10  KOe,  1  K0ev  100  Oe) ;  additional 
studies  at  higher  fields  are  underway. 

MAGNETIC  SUSCEPTIBILITY  DATA  FOR  ALTERNATING  CHAIN 
SYSTEMS 

The  magnetic  susceptibility  data  (11)  for  catena- 
hexaned ionebis ( thlo.sem  tear  baza  to)  copper  (  1 1)  ,  Cu-HTS  , 

In  the  temperature  range  1 .8  -  120  K  are  shown  in  Figure 
4.  The  maximum  in  the  magnetic  susceptibility  curve 
provides  evidence  for  antiferromagnetic  interactions. 
Attempts  to  fit  the  magnetic  data  by  the  uniform 
Heisenberg  chain  model  described  above  or  by  the  dimer 
model  failed,  but  an  excellent  fit  was  obtained  with 
the  alternating  chain  model.  The  solid  line  in  Figure 
4  was  calculated  using  the  Heisenberg  alternating 
chain  expression  and  the  magnetic  parameters  given  in 
Table  II.  The  Inability  of  the  uniform  chain  and 
dimer  models  to  describe  the  magnetic  behavior  is 
shown  by  the  "best  fit"  lines  which  are  calculated 
from  these  models  and  are  depicted  in  Figure  4.  Data 
are  also  provided  for  the  analogous  alternating  chain 
catena-octaned  ioneb  Is ( th lo8eraicarbazato)copper ( T I) , 
Cu(OTS) . 

There  are  two  additional  compounds  for  which 
an  alternating  chain  model  is  needed  to  fit  the  low 
temperature  magnetic  susceptibility  data,  those  be¬ 
ing  Cu(4-«ethylpyr idinel^Cl^  (32)  and  Cu(N-methyl- 

imidazole) ^Br^ >  (9)  However,  both  of  the  com¬ 
pounds  have  uniformly  spaced  linear  chain  struc¬ 
tures  at  room  temperature.  (33-35)  Dielectric 
measurements  on  compacted  samples  of  Cu(4-methyl- 
pyr ldlne^Cl^  and  Cu(N-methylimldazole) ^Br^  pro¬ 
vide  evidence  for  structural  phase  transformations. 

As  shown  in  Figure  r>,  a  first  order  pliase  tran¬ 
sition  is  clearly  indicated  by  the  anomaly  in  the 
capacitance  data  near  50K.  There  are  multiple 
anomalies  in  the  temperature  dependent  capacitance 
data  for  Cu(N-methyl im ldazole) ^Br^ .  A  first  order 

transition  near  105K  may  be  a  result  of  a  "freezing 
In"  of  the  expected  free  rotation  of  the  N-methyl 
group,  and  a  transition  near  50  K  la  probably  com¬ 
parable  to  the  alternating  chain  transformation  in 
Cu(4-methylpyrldlne>2Cl2 .  The  magnetic  parameters 

are  given  In  Table  II. 

The  alternating  Heisenberg  chain  model  and  ex¬ 
pressions  derived  from  the  cluster  approach  permit  a 
description  of  the  magnetic  susceptibility  of  the  com¬ 
pounds  catena-octaned lone-  end  cat ana -hexaned ioneb la 
(thioaamlcarbatato)coppar(  II) ,  catena-dl-u-ehlorobla 
(4-aethylpyrldlna)copper(TT),  and  catana-d  1-u-broaobla 


Figure  4. 


T  (K) 


Magnetic  susceptibility  versus  tempera¬ 
ture  data  for  catena-hexane-dionebie 
(thiosemioarbazato)copper(II).  The 
solid  line  is  the  beet  fit  of  the 
Heisenberg  alternating  linear  chain 
model  with  J  »  -10. 1  *0.2  am  a 
-  0.91  *  0.02,  and  g  =  2.06  t  0.02. 

For  purposes  of  comparison  the  "beet 
fits"  to  the  uniform  Heisenberg  chain 
<••••,  J  m  -10.7  anrt,  J’  -  1.76  am~ 

g  =  2.11)  and  dimer  ( - ,  2J  *  -6.4  cm ~ 

g  =  2.22,  6  »  -22.5  K)  models  are  also 
shown. 
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Figure  5.  Temperature  dependent  capacitance  data 

for  a  pressed  pellet  sample  of  aatena-di- 
v-chlorobis(4-methylpyridine)copper(II)  (a  , 
temperature  increasing,  *  temperature  de¬ 
creasing). 


Table  II.  Magnetic  Parameters  for  the  Alternating 
Chain  Coapounda 


Compound 

J,  cm"3 

a 

8 

Cu-HTS 

-10.1 

0.91 

2.06 

Cu-OTS 

-12.9 

0.90 

2.11 

Cu(4KP) jClj* 

-  9.6 

0.67 

2.17 

Cu(HMI)2Br2b 

-  7.2 

0.4 

2.14 

*4KP  “  4-mathylpyr  ldlna 
bMKX  -  N-aMthyl  laldatole 
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(N-methyl  imidazole) copper (II) .  It  Is  reasonable  to 
suggest  that  the  sulfur  bridged  compounds  have  alter¬ 
nating  chain  structures  since  the  analogous  compound 
Cu-KTS  has  been  shown  by  X-ray  diffraction  studies 
(26)  to  have  an  alternating  chain  structure.  X-ray 
data  for  twinned  crystals  of  Cu(4-methylpyr idine^Cl^ 

(33,34)  are  consistent  with  a  uniform  chain  structure 
at  room  temperature,  but  an  anomaly  in  the  dielectric 
behavior  signals  a  structural  phase  transition  pre¬ 
sumably  to  an  alternating  chain  as  suggested  by  the 
low  temperature  magnetic  susceptibility  data.  Multi¬ 
ple  anomalies  were  seen  in  the  dielectric  behavior  of 
CufN-methylimidazole^B^  and  we  suggest  that  a  struc¬ 
tural  phase  transition  from  the  uniform  chain  at  room 
temperature  (35)  has  occurred,  thus  permitting  an  ex¬ 
planation  of  the  low  temperature  magnetic  and  magneti¬ 
zation  data.  The  neutron  diffraction  results  (36)  for 
Cu  (N-raethyl imidazole) 2®r2  4  K  suggest  that  this 

problem  merits  additional  attention. 

LADDER  SYSTEMS 

Ladder  systems  have  also  been  investigated 
using  the  cluster  approach.  Although  it  had  been 
thought  for  a  long  time  that  Cu(NO^)  ^  *2 . 5^0  was  an 

example  of  a  spin  ladder,  in  view  of  the  ladder-like 
structure  at  room  temperature,  (6)  recent  work  has 
shown  that  the  magnetic  data  are  consistent  with 
an  alternating  chain.  Weller  (15)  has  carried  out 
calculations  for  short  ladder-like  chains  and  rings. 
For  the  purposes  of  illustration,  the  energy  levels 
resulting  from  the  calculation  for  a  four  member  chain 
are  plotted  in  Figure  6.  There  are  several  Important 
points  to  consider.  First,  the  ground  state  of  the 
system  is  a  quintet  when  both  exchange  coupling  con¬ 
stants  are  positive,  a  singlet  when  both  exchange 
coupling  constants  are  negative  or  when  J ^  <  0  and 

J^3  >  0,  and  there  is  a  ground  state  spin  crossover 
at  a  =  0.3  when  >  0  and  Jjj  <  0-  It  is  clear 

that  a  wide  variety  of  behavior  is  to  be  expected  from 
ladder  compounds  and  this  expectation  provides 
the  stimulation  for  extensive  synthetic  and  structural 
studies. 


Figure  Fnergg  level  diagram  far  a  spin  ladder  with 
four  copper ( I l )  ione. 

MAGNETIC  DATA  FOR  THE  LADDER 
CATENA-TR1CHL0R0HYDRAZ INUIMCOFPER (II) 

The  structure  end  magnetic  properties  of  (HsH) 
CuCl^  have  been  reported  by  Brown,  et  al.  (14)  The 

ladder-ilke  structure  of  the  compound  la  ahovn  in 
Figure  7.  The  coordination  about  the  copper  Ion  la 
the  familiar  4+2  form  with  the  equltorlal  plane  being 


formed  by  three  chloride  ions  and  the  monodentate  hy- 
drazinium  ion.  The  apical  positions  in  the  coordination 

sphere  are  occupied  by  chloride  ions  from  adjacent  units. 

• 

The  Cu-Cl  in-plane  bridging  distance  is  2.297(1)  A  and 

O 

the  out-of-plane  bridging  distance  is  2.856  A. 

The  magnetic  susceptibility  data  reflect  an  anti¬ 
ferromagnetic  interaction  with  a  maximum  in  the  magnetic 
susceptibility  at  about  12  K.  The  data  above  25  K  may 
be  fit  by  the  Curie-Weiss  law  to  yield  a  g  value  of 
2.196,  while  the  entire  data  set  may  be  fit  by  an  eight 
member ed  chain  to  yield  the  same  g  value,  J12  (the  90* 

Interaction)  of  -7.5  cm  \  and  Jj^  (the  180*  inter¬ 
action)  of  -7.0  cm  L  The  agreement  factor  R  - 

[  E(x°b“-XCalC)2/ E<X°b®)2 J 1/2  for  the  fit  ie  0.018. 

A  slmlllar  calculation  was  carried  out  for  an 

eight  membered  ring  to  yield  ■  -5.4  cm  ,  * 

-5.3  cm  L  g  *  2.14,  and  R  •  0.013.  The  calcu¬ 
lations  firmly  support  the  conclusion  that  the 
euperexchange  interactions  are  antiferromagnetic  by 
both  exchange  pathways,  but  high  field  magnetization 
maaaurements  will  have  to  be  made  before  the  magni¬ 
tude  of  the  coupling  constants  can  be  known  with 
certainty. 

CONCLUSION 

Tha  cluster  approach  to  the  problem  of  exchange 
interactions  has  been  reasonably  succassful  In 
accounting  for  tha  magnatlc  behavior  of  extended 
linear  chains,  alternatlngly  spaced  linear  chalna, 
and  ladders.  With  uaa  of  the  cluster  approach 
it  has  been  possible  to  define  exactly  the  indlvl- 


dual  exchange  Interactions  and  obtain  detailed 
analyses  of  magnetic  properties.  There  Is  a  problem 
In  that  small  cluaters  which  are  not  realistic 
models  may  yield  fits  to  experimental  data  which  are 
nearly  as  good  as  the  fits  with  larger  clusters,  but 
the  magnetic  parameters  are  usually  unacceptable.  As 
research  in  this  area  progresses,  an  adequate  body  of 
data  will  be  generated  so  that  reasoned  judgements  may 
be  made  about  the  acceptability  of  magnetic  parameters 
from  model  calculations. 
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